Here, we propose a macro-level comparative approach extending comparisons of genome-wide diversity beyond closely related taxa to phylogenetically distant clades, where lineage sorting has since long been completed. Co-variation in the landscape of genetic diversity across clades can only be mediated by shared processes independent of population-specific selection pressures. One With evidence for long-term conservation of broad-scale recombination rates (Auton et al. 2012; Kawakami et al. 2014 ) the comparison of summary statistics reflecting local N e in syntenic regions among clades holds information on the role of linked selection for each species (Fig. 1) .
INTRODUCTION
Understanding the processes governing heterogeneity of genome-wide diversity has been a longstanding goal in evolutionary genetics (Ellegren & Galtier 2016) and is of central importance to adaptation and speciation research (Seehausen et al. 2014) A plethora of recent studies quantifying genetic variation within and between natural populations share the central observation of strong heterogeneity in genome-wide distribution of genetic diversity (Seehausen et al. 2014) . Despite commonality in patterns seen across a wide range of taxa, elucidating the underlying processes remains challenging (Wolf & Ellegren 2016) . Regions of reduced genetic diversity generally coinciding with elevated differentiation (Charlesworth 1998) context of adaptation and speciation ('speciation islands') (Nosil & Feder 2013 ). Yet, linked selection either in the form of genetic hitch-hiking (Smith & Haigh 1974) or background selection (Charlesworth et al. 1993) can likewise introduce heterogeneity in genomic differentiation by local reduction of the effective population size (N e ), even in the absence of divergent selection and gene flow (Cutter & Payseur 2013; Cruickshank & Hahn 2014) . Discriminating between these scenarios is complicated by the fact that a multitude of intrinsic and extrinsic factors influence genome-wide patterns of diversity and differentiation (Strasburg et al. 2012) Several ways forward have been suggested to isolate the underlying processes. Functional validation of candidate genes flagged during genome scans can provide valuable, independent information (Kronforst & Papa 2015) . Theoretical models provide useful null expectations to compare with empirical patterns (Bank et al. 2014) . Experimental evolution studies (Dettman et al. 2007) or manipulative experiments in natural populations (Soria-Carrasco et al. 2014) allow studying the link between selection and genomic patterns of genetic diversity under controlled conditions. Micro-level comparative population approaches leveraging information from spatiotemporal contrasts between populations (speciation continuum' (Seehausen et al. 2014) ) help disentangle the effects of linked selection unrelated to speciation from those thought to contribute to reproductive isolation (Wolf & Ellegren 2016) . Within species and among closely related species, however, a substantial fraction of genetic variation is shared by ancestry impeding inference.
Here, we propose a macro-level comparative approach extending comparisons of genome-wide diversity beyond closely related taxa to phylogenetically distant clades, where lineage sorting has since long been completed. Co-variation in the landscape of genetic diversity across clades can only be mediated by shared processes independent of population-specific selection pressures. One candidate process is the mutation rate which is known to vary across the genome (Hodgkinson & Eyre-Walker 2011) . Another is linked selection, where local reduction in effective population size (N e ) through selection depends on the rate of local recombination likewise varying across the genome (Cutter & Payseur 2013) . While support for a role of mutation rate in modulating the level of genetic variation across the genome has been low (Cutter & Payseur 2013) there is increasing evidence for linked selection as a key process (Rockman et al. 2010; Slotte 2014; Burri et al. 2015) .
With evidence for long-term conservation of broad-scale recombination rates (Auton et al. 2012; Kawakami et al. 2014 ) the comparison of summary statistics reflecting local N e in syntenic regions among clades holds information on the role of linked selection for each species (Fig. 1) .
We utilized genome-wide re-sequencing data from several populations or (sub)-species of three distantly related avian species complexes -Darwin's finches, Ficedula flycatchers and Corvus crows-with split times beyond the expected time for complete lineage sorting (Fig. 1, Supporting Information). For each population and population comparison within clades, we quantified genetic summary statistics in syntenic windows of 50 kb in size. Summary statistics were chosen to be reflective of the local effective population size (N e ) of a genomic region: population-scaled recombination rate ρ (~N e r), nucleotide diversity π (~N e µ), a measure of genetic differentiation F ST (~1/(1+N e (m+µ)) (where mutation rate µ can generally be neglected if migration rate m>>µ), the related population branch statistic (PBS) accounting for non-independence of population comparisons, and sequence divergence D xy (~N e µ+µt). The only parameter shared by these statistics is N e ; hence, co-variation of all statistics in syntenic regions would indicate shared processes affecting local N e alike in the investigated populations. 
MATERIAL AND METHODS

Clades
As subject for this investigation we chose populations and (sub)-species from three phylogenetically divergent clades: Darwin's finches of the genera Geospiza, Certhidea and Platyspiza., flycatchers of the genus Ficedula (F. albicollis, F. hypoleuca, F. semitorquata and F. speculigera) and crows of the genus Corvus including the American crow C. brachyrhynchos and several taxa from the Corvus (corone) spp. species complex (Vijay et al. 2016) . Functionally annotated genome assemblies with high sequence contiguity are available for one representative each of Ficedula flycatchers (F.
albicollis, genome size: 1.13, scaffold/contigN50=7.3/410kb, NCBI accession number:
GCA_000247815.2) (Ellegren et al. 2012 ; new chromosome build Kawakami et al. 2014 ) and for one hooded crow specimen (Corvus (corone) cornix, genome size: 1.04Gb, scaffold/contig N50=16.4Mb/94kb, National Center for Biotechnology Information (NCBI) accession number: GCA_000738735.1) (Poelstra et al. 2014 (Poelstra et al. , 2015 . The assembly of the medium ground finch G.
fortis is of comparable size (1.07 Gb) and the least contiguous among the three both at the scaffold and contig level (scaffold/contig N50: 5.2Mb/30kb, NCBI accession number: GCA_000277835.1).
In all three clades, it has been suggested that shared genetic variation between (sub)-species within clades resulted from incomplete lineage sorting of ancestral polymorphisms, regardless of whether populations were connected by recent gene flow or not (Lamichhaney et al. 2015; Burri et al. 2015; Vijay et al. 2016) . However, shared polymorphism is highly unlikely among clades because of their phylogenetic distance. Phylogenetic relationships and divergence time estimates between representatives of all three clades and zebra finch (Taenopygia guttata) as shown in Figure 1 have been extracted as consensus of 10,000 phylogenetic reconstructions from Jetz et al. (2012 Jetz et al. ( , 2014 using the tree of 6670 taxa with sequence information by Ericson et al. (2006) (Vijay et al. 2016) , five years for Darwin's finches (Grant & Grant 1992) and two years for flycatchers (Brommer et al. 2004) . With an estimated long-term N e of 200,000 for flycatchers and crows (Wolf et al. 2010; Nadachowska-Brzyska et al. 2013; Vijay et al. 2016 ) and considerably less for Darwin's finches (Ne= 6,000 to 60,000, (Lamichhaney et al. 2015) ) this yields a minimum range of 40-125 N e generations as time to the most common ancestor. Since this is clearly beyond the expected time for complete lineage sorting (9-12 N e generations; (Hudson et al. 2002) ), species among the two clades are thus not expected to share ancestral polymorphism. The same consideration holds for the split between flycatcher and Darwin's finches assuming approximately 45 million years of divergence (Fig. 1) . Even assuming an earlier, minimal age estimate of the split between Corvoidea and Passerida in the order of 25 million years ago Prum et al. 2015; Jønsson et al. 2016 ) and a split between flycatchers and finches at 19 million years (Singhal et al. 2015) suggests complete lineage sorting for neutral variation with split times beyond 12 N e generations.
Establishing homology among genomes
Homologous regions between genomes were identified in order to quantify the degree to which genetic diversity, recombination, differentiation and divergence landscapes are conserved between species. To ensure comparability across all three clades in the most efficient way, we chose to liftover coordinates of 50 kb non-overlapping windows from the genomes to the independent, well maintained high quality zebra finch reference genome (Hubbard 2002 ) that is closely related to all three clades. This approach assumes a high degree of synteny among species, which is justified 130 135 140 given the evolutionary stasis of chromosomal organisation in birds across more than 100 million years of evolution (Ellegren 2010) . Performing a base by base lift over can lead to partial loss of regions within a window as well as merging of non-adjacent windows. To avoid such errors we estimated the statistics for each species in windows prior to the lift over. Converting the coordinates of genomes from multiple different species into one single coordinate system allows for straightforward comparison of all statistics derived from the original polymorphism data (vcf files).
Whole genome alignments between species can be represented in the form of chain files that record the links between orthologous regions of the genome. We downloaded chain files from the UCSC website (https://genome.ucsc.edu/) to transfer the coordinates in bed format from flycatcher and Darwin's Finch genomes onto the zebra finch genome using the program liftOver (Kuhn et al. 2007 ). For the crow genome where no chain files were available, we first aligned the crow genome to the flycatcher genome using LASTZ (Harris 2007 ) to obtain a .psl file which was subsequently converted to a chain file using JCVI utility libraries (Tang et al. 2015 ). This chain file was then used to transfer the crow coordinates to zebra finch coordinates (via flycatcher) using the liftOver utility (Hinrichs et al. 2006 ).
Orthology could be established for a large proportion of the original genomes. Depending on parameter settings controlling stringency ('minmatch') and cohesion ('minblocks') percent recovery ranged from as little as 13% to over 90% (Fig. S1 , Table S1 ). To find an optimal combination of parameter values and to validate liftOver quality, we made use of the fact that GC content in ortholgous regions of avian genomes are expected to be strongly conserved across long evolutionary distances (Weber et al. 2014) . We calculated GC content in 50Kb windows from the three different assemblies and compared these values to the GC content at the new, orthologous 150 155 160 165 positions lifted over to the zebra finch genome. Pearson's correlations were high across a broad set of parameter values in all clades ranging from 0.83-0.97. While the liftOver step is able to transfer the coordinates from the focal genome onto positions along the zebra finch genome these new positions do not retain the window structure from the original genomes. To be able to compare population genetic summary statistics between species in orthologous windows, we defined 50Kb windows along the zebra finch genome. For each window we then calculated a mean value across all lifted over regions that overlapped a given window. To ensure that this procedure of calculating means did not unduly influence comparability across species, we compared the values of GC content from each of the focal genomes after taking the mean across overlapping regions to the GC content in the zebra finch genomic windows. Although correlation coefficients were lower than those seen directly after the liftOver, they still exceeded 0.78, 0.82, 0.82 for Darwin's finch, flycatcher and crow respectively across a broad 'minmatch' and 'minblock' parameter space ( Fig.   S1 , Table S1 ). The high correlation of GC content across the liftOver steps suggests that the lift over procedure of moving the windows from one genome assembly to another was reliable at the window size being evaluated. Finally, an optimal combination of stringency, cohesion and percent recovery was chosen on the basis of the (visually inferred) inflection point of the relationship between GC correlation and recovery (Fig. S1 ).
It could be seen that certain regions of the genome were systematically more susceptible to drop out during liftOver than others for all clades (Fig. S2) . I particular, regions located on scaffolds that have not been linked to any specific chromosome and those that have not been placed at a particular position along a chromosome were harder to liftOver than other regions of the genome. Hence, for the purpose of this study we have excluded these regions in all subsequent analyses. To ensure that the liftOver step did not introduce a large bias in the regions being analysed, we compared the GC 
Datasets
We compiled the following population re-sequencing datasets for the three clades presented by order of divergence from zebra finch ( Table S2) . Populations with less than three individuals were excluded in all species. (Poelstra et al. 2014) . This study has been followed by a broader sampling regime with a total of 118 crows from the Corvus (c.) spp. (Vijay et al. 2016) . The system is still relative young. 12% of segregating genetic variation is still shared between Eurasian and American crows (C. brachyrhynchos) (Vijay et al. 2016 ) which split at approximately 3 million years ago (Jønsson et al. 2016) . (Burri et al. 2015) ).
Crows in the genus
3. Darwin's finches (120 genomes resequenced, 44 population comparisons across the 6 focal species G. conirostris, G. difficilis, C. pallidus, C. fusca, C. olivacea and P. inornata). The differentiation landscape of Darwin's finches has been studied using whole genome resequencing data and has been instrumental in the identification of adaptive loci associated with beak shape evolution (Lamichhaney et al. 2015) . This set of populations across several species differs slightly in genome-wide levels of diversity (π: 0.0003-0.0012, see (Lamichhaney et al. 2015) . Species are estimated to share common ancestry ~1.5 million years ago, yielding 44 population comparisons ranging across a broad spectrum of genomewide differentiation ) and divergence (D xy : 0.0022-0.0047).
Genetic diversity data
In all three study systems segregating genetic variation and related summary statistics have been characterized in non-overlapping windows across the genome using similar strategies based on the 
Population recombination rate (ρ) and nucleotide diversity (π)
To generate an estimate of the population scaled recombination rate in Darwin's finches ρ we followed the approach described in (Vijay et al. 2016) . In brief, we used LDhelmet (Chan et al. 2012) on genotype data phased with fastPHASE (Scheet & Stephens 2006) . The required mutation matrix was approximated from zebra finch substitution rates following Singhal et al. (2015) .
Population recombination rate data for crows and flycatchers were estimated using the same approach and were extracted from (Vijay et al. 2016) and (Kawakami et al. submitted) , respectively.
Pairwise nucleotide diversity π was calculated from the VCF files using the R package Hierfstat.
Genetic differentiation F ST , PBS and net divergence (D XY )
F st was estimated using Weir and Cockerham's estimator based on genotypes from the VCF files using the procedure implemented in the HIERFSTAT package as the ratio of the average of variance components. To avoid pseudo-replicated populations comparisons we also calculated lineage specific F ST in the form of population branch statistics (PBS) using the formula PBS_Pop1=(-log(1- 
Quantifying similarity of genomic landscapes within and among clades
We used Pearson correlations as a simple means to characterize the degree of co-variation in I=popA vs. popB, J=popA vs. popC). This yields a distribution of correlations coefficients for each summary statistic. Significance in co-variation between populations or population comparisons attributed if more than 95% of the distribution were above zero (significant positive correlation) or below zero (significant negative correlation).
Overlap with centromeres and telomeres
LiftOvers to the zebra finch genome in principle allow associating outlier regions from genome scans (e.g. islands of elevated differentiation) with genomic features such as centromeres or telomeres. This approach works under the assumption of karyotype conservation across large evolutionary timescales (Ellegren 2010) . It is conservative in that overlap is only expected if centromere position is conserved between zebra finch and the taxon under consideration.
Evolutionary lability of these features, partly expected due to known lineage-specific inversions in zebra finch (Romanov et al. 2014; Kawakami et al. 2014; Hooper & Price 2015) would reduce any real correlation (Type II error), but not introduce any spurious correlation (Type I error).
Centromere and telomere positions were obtained for 22 and 20 chromosomes, respectively, in zebra finch from Knief & Forstmeier (2015) . Regions identified as centromeres were on averagẽ 1Mb long (mean: 960,100 bp; range: 150,000 bp to 5,350,000 bp) while the sub-telomeric regions were shorter (mean: 169800; range: 50,000 bp to 298,700 bp). Some of the sub-telomeric regions and centromeres were located at the extreme ends of the chromosomes and orthologus regions could The relatively low recovery in Darwin's finch is most likely owing to the lower quality of its genome, which is more highly fragmented than flycatcher and particularly crow. The telomeres of chromosome 5, 13 and 21 could not be lifted over in neither crow nor flycatcher genomes suggesting a systematic bias for these regions. To reduce the effect of such bias, we not only looked for overlap of outlier peaks (as defined below) with centromeres or telomeres, but also for overlap with increasing distance from the inferred positions of these features in five incremental steps of 10 kb. In case of random association no relationship would be expected with distance, in case of genuine association significance of the overlap should decrease with distance.
To relate characteristics of the genomic differentiation landscape to chromosomal features, we proceeded as follows. For each taxon we chose two independent population comparisons with the highest genome-wide average F ST values. This strategy is owing to the fact that clear 'background peaks' caused by shared linked selection only start crystallising at an advanced level of population divergence (Burri et al. 2015; Vijay et al. 2016) . This is theoretically expected and has been shown in crows where an increase in genome-wide F ST is accompanied by an increase in autocorrelation between windows, peak overlap and the degree of co-variation in differentiation landscapes.
Population pairs used and their corresponding differentiation statistics are shown in Table S3 . We then used positions along the zebra finch genome to calculate the percent of centromeres and telomeres that overlapped with differentiation outliers (Table S4) . To check if the percent of overlap we observed was more than that expected by chance, we permuted the positions of centromeres and telomeres within each chromosome 1000 times using the shuffle option in bedtools (Quinlan & Hall 2010) and calculated the percent of overlap that was expected by chance alone. A significant association is inferred at type I error levels of 0.05/ 0.01 if the test statistic derived from the empirical centromere/telomere distribution exceeded a maximum of 4/0-times by test statistics derived from the permuted distributions.
RESULTS
Co-variation among populations within clades (micro-level)
It has been demonstrated for both flycatchers (Kawakami et al. submitted; Burri et al. 2015) and crows (Vijay et al. 2016 ) that summary statistics of genetic variation within and between populations were significantly correlated among populations. Extending the estimation of ρ, π, F ST , PBS and D xy to the Darwin's finch complex corroborates the generality of this finding. Genomewide patterns of all summary statistics were positively correlated among all populations in each of the three clades (Fig. 2B, Table S5 ). For ρ, correlation coefficients were highest in flycatchers (mean r=0.43), followed by Darwin's finches (r= 0.27) and crows (r=0.19). Nucleotide diversity π showed strongest co-variation in flycatchers (r=0. Cruickshank & Hahn 2014). Overall, these results support a contribution of linked selection unrelated to population-specific selection, as has been previously suggested for crows (Vijay et al. 2016 ) and using independent recombination data also for flycatchers (Kawakami et al. submitted; Burri et al. 2015) .
Co-variation among populations across clades (macro-level)
Next, we investigated whether summary statistics indicative of local N e also co-varied in syntenic regions across clades precluding any influence of shared history in demographic or selective processes (Supporting Information). Though effect sizes were lower, correlations were consistently positive for all summary statistics. This was true for comparisons between flycatcher and Darwin's finch populations, as well as for the more divergent comparisons between flycatchers/Darwin's finches and crow, representing 50 million years of evolution (Fig. 2, Table 1,   Fig. S4) . As in the micro-level comparisons, D XY and F ST were negatively correlated among clades (mean range r=-0.21 to -0.16).
Overlap with structural genomic features
We next sought to investigate the potential impact of structural genomic features where the effect of linked selection might be particularly pronounced. We evaluated whether regions of highly elevated differentiation were associated with regions of suppressed recombination adjacent to centromeres and subtelomeric regions as predicted from the location of such regions in zebra finch (karyotype data is lacking for both crow and collared flycatcher; (Burri et al. 2015; Vijay et al. 2016) . In all three clades, overlap was significantly greater than expected by chance in at least one comparison of each species (percentage of overlap in flycatchers: 58.53% and 60.98%, crows: 21.95% and 31.7%, Darwin's finches: 14.63% and 29.27%) (Fig. 3B) . Considering regions next to centromeres and subtelomeric regions separately suggested significant association for subtelomeric regions in all three clades (Fig. S5) , for centromeres only in flycatcher (Fig. S6) .
DISCUSSION
In a comparative approach we leveraged information from genome-wide patterns of genetic diversity and differentiation shared across micro-and macro-evolutionary timescales. We used multiple population samples of three distantly related avian clades with split times beyond the expected time for complete lineage sorting. Genome-wide heterogeneity in genetic variation captured by population genetic statistics reflective of regional N e co-varied among clades across 50 million years of evolution. This finding supports a role of linked selection unrelated to selection against gene flow, the latter promoting adaptation and/or reproductive isolation in a population specific context. The degree of correlation within, but in particular among clades is remarkable considering divergence times of several million generations, gaps in syntenic alignments and the statistical error generally associated with population genetic estimates. Interestingly, the magnitude of correlations was not related to divergence time ( Fig. S4) with sometimes noticeably higher correlation coefficients for the phylogenetically older flycatcher-crow comparison, than for the younger flycatcher-finch comparison ( Table 1) . This suggests that the strength of co-variation may be underestimated by factors such as genome quality (fragmented in Darwin's finch), population sampling (lower sample size for Darwin's finch) and/or differences in the degree of rearrangements In addition to linked selection, evolutionary stable variation in regional mutation rate may impact diversity levels at equilibrium (θ=4N e µ) among clades in a similar fashion. However, genetic diversity is generally only weakly associated with mutation rate (Cutter & Payseur 2013; Vijay et al. 2016 ) Instead, genetic diversity shows a strong positive relationship with recombination rate (Nachman & Payseur 2012; Burri et al. 2015) . With little evidence for recombination-associated mutation (and hence r~µ) (Cutter & Payseur 2013) linked selection reducing regional genomic levels of N e as a function of recombination rate appears to be an important candidate process underlying genomic variation in levels of genetic diversity (Cutter & Payseur 2013; Cruickshank & Hahn 2014; Slotte 2014) . Our results demonstrating co-varying diversity and differentiation landscapes across clades are suggestive of persistence in linked selection at syntenic genomic regions. Moreover, the observation that sequence divergence (D xy ) was generally reduced in areas of high relative differentiation (F ST , PBS) both within and across clades further points towards a selective process continuously purging diversity and reducing effective population size already in ancestral populations (Cruickshank & Hahn 2014) .
Linked selection can occur in the form of background selection (Charlesworth 1994) or recurrent hitch-hiking dynamics by selective sweeps (Smith & Haigh 1974) . Both processes reduce genomewide diversity and leave signatures of selection that are difficult to discern (Stephan 2010) .
Consistent with both, recent population genetic studies of flycatchers and crows suggest that diversity and differentiation landscapes were associated with variation in recombination rate and gene density (as a proxy for target for selection) (Burri et al. 2015; Vijay et al. 2016 ). In a model based approach Corbett-Detig (2015) assessed the relative likelihood of both processes concluding 390 395 400 405 that for species with low/moderate population sizes (including flycatchers) background selection would prevail over hitch-hiking in relative importance. Here, we also found regions of reduced diversity and elevated differentiation to be associated with candidate centromeric regions as lifted over from zebra finch. This overlap, suggested also for other systems (Delmore et al. 2015; Roesti et al. 2015) may be a consequence of lower recombination rates at centromeres promoting background selection. It is puzzling, however, that we even found overlap at regions adjacent to telomeres that are not necessarily characterized by low recombination in birds (Backström et al. 2010; Kawakami et al. 2014) . This tentatively suggests that in addition to background selection recurrent positive selection might be at play. Further evaluation of this hypothesis will require finescale recombination rate estimates across all clades, better assemblies of centromeric and subtelomeric regions, a map of their exact location, and on the bioinformatic side improved methods for translating genomic coordinates among distantly related species.
Using a comparative approach we shed light on the processes mediating a similar landscape of heterogeneity in diversity and differentiation across large evolutionary timescales. We advocate increased use of comparative, phylogenetic approaches to understand the processes underlying signatures of selection to help interpret results from commonly conducted genome scans. B) The degree of overlap between regions of elevated differentiation with regions adjacent to centro-and telomeres is quantified for two selected population pairs (red and black arrows) from each taxon and contrasted to distributions of random expectation as assessed by permutation. 
ACKNOWLEDGMENTS
485
TABLES
